Introduction
Recently, many researchers have stated that the diesel exhaust particles (DEP) emitted from diesel engines have a negative influence on the respiratory, male reproductive function and central nervous systems. [1] [2] [3] In the Tokyo metropolitan area, diesel-powered vehicles are required to install diesel particle filters (DPF) to remove DEP. 4 However, because DPF can not remove small nanoparticles, 5, 6 many nanoparticles under 100 nm in diameter are still emitted into the atmosphere environment. We have confirmed that many nanoparticles from diesel engines are suspended near to roads, even in the Tokyo metropolitan area; 7, 8 this fact suggested that it is still necessary to develop a DEP removal technique that can efficiently remove all DEP, since they are harmful to human health.
Techniques for DEP removal using dielectric barrier discharge (DBD) reactors have been developed. [9] [10] [11] [12] It was found that DEP (including nanoparticles) are removed by the oxidation of DEP with active oxygen species generated by plasma discharges to gaseous CO and CO2. It has been suggested that DEP are completely oxidized to CO and CO2 from the experimental results of DEP concentration measurements using an engine exhaust particle size spectrometer (EEPS). [9] [10] [11] [12] EEPS measures the DEP concentrations at various DEP mobility radii by applying a direct electric field after charging DEP with corona discharges. Hence, DEP may be charged in a DBD reactor due to plasma discharges. If charged DEP from the DBD reactor are charged again in EEPS, the additionally charged DEP have more electric charges than neutral DEP. This suggests that the radii of DEP would be smaller than the true radii. Therefore, it is important to confirm whether the DEP radius measurement is satisfied compared with other methods.
Related to background gases in the DBD reactors, many active species (O, O3, N, N2O, NO2, NO3, and N2   +   ) 13 are generated in the discharge spaces, among which the active oxygen species promote DEP oxidation. Recent reports have demonstrated the relationship between DEP (including organic compounds) and generated gases (CO, CO2, NO, and NO2) by using gas chromatographs (GC) equipped with a hydrogen flame ionization detector (FID) and a thermal-conductivity detector (TCD) etc. [14] [15] [16] However, organic compounds generated by plasma reactions are still not understand. Nitrogen species may contribute to the formation of nitrogen-containing hydrocarbons. Because nitrogen-containing hydrocarbons may be toxic, it is desirable to clarify whether nitrogen-containing hydrocarbons are formed on DEP surfaces.
In this study, the DEP concentrations at various diameters were measured using EEPS and a field emission-type scanning electron microscopy (FE-SEM). The surface compounds were determined using a time-of-flight secondary ion mass spectrometry (TOF-SIMS). Figure 1 shows the experimental set-up, which includes a DEP The removal properties of diesel exhaust particles (DEP) were investigated using an engine exhaust particle size spectrometer (EEPS), field emission-type scanning electron microscopy (FE-SEM) and time-of-flight secondary ion mass spectrometry (TOF-SIMS). DEP were treated using a dielectric barrier discharge (DBD) reactor installed in the tail pipe of a diesel engine, and a model DBD reactor fed with DEP in the mixture of N2 and O2. When changing the experimental parameters of both the plasma conditions and the engine load conditions, we obtained characteristic information of DEP treated with plasma discharges from the particle diameter and the composition. In evaluating the model DBD reactor, it became clear that there were two types of plasma processes (reactions with active oxygen species to yield CO2 and reactions with active nitrogen species to yield nitrogen containing compounds). Moreover, from the result of a TOF-SIMS analysis, the characteristic secondary ions, such as C2H6N + , C4H12N + , and C10H20N2 + , were strongly detected from the DEP surfaces during the plasma discharges. This indicates that the nitrogen contained hydrocarbons were generated by plasma reactions. source, a DBD reactor, a pulse power supply, and a discharge analysis system. The DEP source was used to generate a DEP containing gas using an atomizer (ATM 225, Topas GmbH, Kinney et al., 1991) , to which a 6-L/min gas mixture of N2 and O2 was supplied. The concentration ratio of nitrogen to oxygen was controlled at 8:2, 9:1, or 10:0 to investigate the influence of oxygen on DEP removal. Carbon black particles (CBP) having an average diameter of 30 nm (Printex 35, Degussa, Japan) were used as a substitute for DEP. A 110-mg portion of CBP was dispersed in water (25 ml) for 1 h using an ultra-sonic washer (US-1, 110 mg), and added into the atomizer as the DEP source.
Experimental
The DBD reactor was an uneven-type DBD reactor recently developed by the authors. 11, 12 Basically, the DBD reactor consisted of two alumina plates sandwiched by two stainless (SUS) plates. Between two alumina plates, two spacers were used to keep the alumina plates at a certain distance. The space between the two alumina plates was used as the plasmadischarge zone when a pulse voltage was applied to the abovementioned two SUS plates. A pulse power supply (DP-10K5, Peec) was used to apply a pulse voltage to the DBD reactor. The discharge voltage and the anode current were measured using a voltage probe (V-p, P6015A, Tektronix) and a current transformer (CT, P6021, Tektronix). The energy-injection rate in watts from the pulse power supply was calculated using
where Vi and Ii are the pulse voltage in volts (V) and the current in amperes (A), respectively, at a discharge time of ti in seconds. F is the pulse repetition in hertz (Hz). The exhaust gases from the DBD reactor were treated so as to remove PM and then analyzed with a gas chromatograph (GC) equipped with a 2-m Porapak-S column and a methanizer prior to a hydrogen flame ion detector (FID). A part of the exhaust gases (2 L/min) from the DBD reactor was diluted with air (10 L/min) and sent to a particle-size spectrometer (EEPS, Model 3090, TSI, USA). The particle removal ratios (%) were calculated using
where [Np]0 is the particle number under a non-plasma condition, and [Np]w is the particle number under the plasma condition. A DBD reactor was used to remove DEP from a diesel engine (2 L, 4-cycle). This DBD reactor consisted of 36 pieces of uneven alumina plates and 37 pieces of SUS plates. The diesel engine was operated under the engine conditions as listed in Table 1 . For the purpose of an FE-SEM observation and a TOF-SIMS analysis, DEP from the DBD reactor were collected on a TEM grid and a silicon wafer using an aerosol sampler based on a static-electricity (SSPM-100, Shimadzu Co., Japan) and a cascade-impactor-type particle sampler (Tokyo Dylec Co., Japan), respectively. The FE-SEM observation was carried out using a field emission-type scanning electron microscopy (JSM6500F, JEOL) at a beam diameter (image resolution) of 1.4 nm, an accelerating voltage of 15 kV, and a beam current of 1 × 10 −10 A. The TOF-SIMS analysis was carried out using a timeof-flight secondary ion mass spectrometry (TRIFT TM 2, ULVAC-PHI) for detecting the organic matter generated on the DEP surfaces due to plasma reactions. The analyzed area (10 × 10 μm) was decided while monitoring secondary ion images. The operating conditions of the TOF-SIMS were a beam diameter (image resolution) of about 3 μm, an accelerating voltage of 15 kV, and a primary ion source of gallium.
Results and Discussion

Evaluation of the model DBD reactor
The particle diameter distributions of CBP using EEPS and FE-SEM are shown in Fig. 2 . From the result of FE-SEM measurements, the particle diameter distribution was shown to have the peak at an average diameter of 27 nm ( Fig. 2(a) ). However, particle diameter distribution measured using EEPS had the peaks at 10 and 26 nm (Fig. 2(b -d) ). It seems that differences in these results are caused by using different measurement methods. In the atomizer of the model reactor system, there is a possibility of generating nanoparticles, such as water droplets of 10 nm. Because the FE-SEM observations were performed in a vacuum, those nanoparticles of 10 nm are considered to be evaporated. However, in EEPS measurements, there is a possibility of counting nanoparticles of 10 nm because the measurements were conducted at atmospheric pressure. Those findings suggested if we carry out EEPS measurements for evaluating of particle removal, it is necessary to obtain detailed information about the source and particle removal by using other methods, especially FE-SEM analysis.
From the particle removal ratio, using Eq. (2), we found that about 80% of the CBP were removed irrespective of the gas mixture ratio (Fig. 2(b -d)) . The relationship between the generated CO2 concentration and the gas mixture is shown in Table 2 . CO2 was found under plasma conditions. This suggests that CO2 is generated by plasma reactions of CBP with active oxygen species. However, CBP were removed at the ratio of the gas mixture (N2:O2 = 10:0). According to a paper on the plasma removal of volatile organic compounds (VOC), 14 VOC were decomposed by active nitrogen species. This implied that CBP may be removed by reactions with nitrogen species. It is therefore important to investigate the reactions of the active nitrogen species in order to enhance DEP removal.
Evaluation of the DBD reactor of a diesel engine
Particle diameter distributions of DEP by FE-SEM are shown in Fig. 3 . From the result of normal load, idling load (except plasma condition of 100 W) and high load, the particle removal ratio of DEP was calculated, which had an average of 43% under plasma conditions of 100, 200, and 300 W. This ratio is lower than that of the model reactor system, this difference is due to that the exhaust gas flow rate, and the amounts of DEP emitted from the diesel engine were much larger than the model reactor system. Moreover, the ratio of the particle number at the idling load was increased by applying discharges of 100 W. On the other hand, the ratio of the particle number of both the normal load and the high load was decreased. Hence, it seems that the removal properties were difference in engine conditions.
We carried out the TOF-SIMS analysis of DEP surfaces with a plasma discharge (or without plasma discharge). The TOF-SIMS spectra, in which the secondary ion spectra of the DEP surfaces of non-plasma discharge were subtracted from those of the DEP surfaces of the plasma discharge, are shown in Fig. 4 . The characteristic secondary ions, such as C2H6N + , C4H12N + , and C10H20N2 + , were strongly detected from the DEP surfaces with the plasma discharge. On the other hand, the secondary ions of C2H3 + , C3H7 + , and C4H9 + were detected from the DEP surfaces with a non-plasma discharge. The presence of the nitrogen containing hydrocarbons on DEP surfaces suggested that those hydrocarbons can be generated by plasma reactions with active nitrogen species
Conclusions
In this study, the removal properties of DEP by DBD reactor were investigated from particle diameter and composition using EEPS, FE-SEM, and TOF-SIMS. From the FE-SEM analysis, it became clear that DEP were removed by not only active oxygen species, but also active nitrogen species. From the result of the TOF-SIMS analysis, we obtained the characteristic secondary ions, such as C2H6N + , C4H12N + , and C10H20N2
+ from the DEP surfaces with a plasma discharge. This indicates that the nitrogen containing hydrocarbons was generated by plasma reactions. Furthermore, in evaluating the DBD reactor of the diesel engine, the removal properties of DEP at the idling load differed from that of the normal load and the high load. Hence, we anticipate micro beam analyses (FE-SEM and TOF-SIMS) would be powerful techniques to characterize particle properties and removal properties. 
